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Abstract

We report a non-deterministic nature in the magnetization reversal ofraarsogf
CoCrPt alloy film. Magnetization reversal process of CoCrPt alloyi investigated
using high resolution soft X-ray microscopy which provides real space imatipes
spatial resolution of 15 nm. Domain nucleation sites mostly appear stochastically
distributed within repeated hysteretic cycles, where the correlatosases as the
strength of the applied magnetic field increases in the descending andiagce
branches of the major hysteresis loop. In addition, domain configuration is mostly
asymmetric with inversion of an applied magnetic field in the hystergtie.
Nanomagnetic simulation considering thermal fluctuations of the magnetienis of
the grains explains the nearly stochastic nature of the domain nucleatierobeha

observed in CoCrPt alloy film.

With the bit size in high-densitiy magnetic recording media approaching re&som
length scale, one of the fundamental and crucial issues is whether the domaitiarucle
during magnetization reversal process exhibits a deterministic behaepmatbility of
local domain nucleation and deterministic switching behavior are basic ssrttiab
factors for achieving high performance in high-density magnetic recqrth8g Most

experimental studies on this issue reported so far have been mainly eerfoym



indirect probes through macroscopic hysteresis loop and Barkhausen pattern
measurements, which provide the ensemble-average magnetization. Thugg they a
inadequate to gain insight into the domain-nucleation behavior on a nanometer length
scale during the magnetization reversal process [4-6]. Very rgceottlerent X-ray
speckle metrology, where the speckle pattern observed in reciprocabspmes a
fingerprint of the domain configurations, was adopted to investigate stadbelsavior
in the magnetization reversal of a Co/Pt multilayer film [A&wever, no direct
observation on the stochastic behavior of domain nucleation during magnetization
reversal in real space at the nanometer scale has yet been regwetedhii reason is
due to limitations of the microscopic measurement techniques employed. Thus,
experimental confirmation for stochastic behavior of domain nucleation togéther

its clarification has to date remained a scientific challenge.

In this Letter we report the first direct observation of nearly stoichiashavior of
domain nucleation in real space utilizing high resolution, element-speudignetic
soft X-ray transmission microscopy (MTXM) [9]. Recent achievementsaariél zone
plate technology, used as X-ray optical element, provide a lateral resolufibmof in
MTXM [10,11]. The sample used in our study is a nanogranular CoCrPt alloy film,
which has received significant attention as a potential high-density perpandicul

magnetic recording media [12].

To observe the magnetic domain configuration during magnetization reversasproce
we have utilized the full-field magnetic transmission soft X-ray maypg beamline
6.1.2 at the Advanced Light Source in Berkeley CA. The experimental setup &f thi
ray microscope is described elsewhere [13]. A condensor zone plate (GER) wi
pinhole close to the sample serves as a linear monochromator with a measttrati spe
resolution of EAE = 700 near the Coslabsorption edge (777 eV). The CZP provides a
partially coherent hollow cone illumination of the (ferromagnetic) sampté, wi

circularly polarized radiation emitted off-orbit from the bending magnéerAf



transmitting the circularly polarized X-ray through the sample, tlagé@® are projected
by the micro zone plate objective lens to a 2048 x 2048 pixel badksidaated CCD,
which provides a 15 nm spatial resolution image. X-ray magnetic cirdiclaroism
serves as magnetic contrast mechanism. To distinguish structural cdngastiefects,
inhomogeneities, etc., from magnetic contrast, the images were naunalian image
taken under an external field sufficient to saturate the film. 50-nm thigkG@GQsPtis
alloy films were prepared on a 40-nm thick Ti buffer layer using dc magnetr
cosputtering of CoCr alloy target and Pt target at a base presderett 8 x 10

Torr and a sputtering Ar pressure of 3 mTorr at ambient temperature. To allow
sufficiently high transmission of soft X-rays, a 200-nm thiciNgdimembrane was used
as a substrate. The magnetic anisotropy and the macroscopic magneticgsrompze
characterized using a torque magnetometer and a vibrating sample onagfeet

(VSM), respectively.

Magnetic transmission X-ray microscopy (MTXM) images weremded at the Co
L3 (777 eV) absorption edge with varying applied magnetic field, geebbgta
solenoid with field strength up to 5 kOe. The measurement time during the X-ray
experiment took usually ~1 sec to get a single-shot full-field image. Neeabte
change of domain configuration was observed beyond the measurement time, implying
that magnetization reversal process was fully relaxed within the neeasat time. All
measurements were carried out at room temperature. The magnetic domain
configuration taken at an external magnetic field of +400 Oe is digptagether with
the M-H hysteresis curve obtained by VSM in Figs. 1(a) anddédlemonstrated in the
figure the magnetization reversal of the CoCrPt sample is goverribe nyagnetic
domain nucleation process. Several nucleation sites with sizes around or less than 40
nm can be observed as dark spots showing up at random positions. The nucleation-
mediated process of magnetization reversal observed in this system is belieweko r
switching of individual grains isolated by compositional segregation @t lgoaindaries

based on previous TEM studies of this system [14,15].



To investigate repeatability of domain-nucleation sites during the maajineh
reversal process, we recorded magnetic domain configurations at ideppicad a
magnetic field points in several tens of successive hystereticategcles always
starting at a fully saturated state. A topological defect in the sangsl@ised to identify
the exact same sample area in sequential images. Typical domain coivinguiaiken at
applied magnetic fields of +620, +512, +383, +254, +124, and +5 Oe in the descending
branch of the major hysteresis loop during two consecutive hysteretss arel
illustrated in Fig. 2(a)lnterestingly enough, one clearly notes that in most cases the
nucleation sites appear different in two consecutive cycles, as represdntitown in
the inserted circles. For a better visualization of the randomness of nucléasows
have overlapped two domain configuration images in a larger sample arexo%.6.6
um? obtained from the consecutive measurements. Fig. 2(b) shows a typical overlapped
image taken under an applied magnetic field of +400 Oe, where red and green spots
represent the first and second measurements, respectively, and the black spd¢s indic
the coincident nucleation sites between the two measurements. Thislezsiyt
reveals that the domain nucleation process of CoCrPt alloy film is not detgrajinut
mostly stochastic in the successive hysteretic cycles. This kindabfasttic behavior is
also witnessed within the opposite branch of the hysteretic cycle. In Figw2(c)
demonstrate the domain configurations at magnetic field62%,+512,+383,+254,
+124, andt5 Oe in the process of the hysteretic cycle, where the positive and negative
signs correspond to the left and right branches of a hystéoeg. It is clearly seen that,
in general, the domain configurations appear asymmetrically with arsioneasf the
applied field. Figure 2(d) shows an overlapped image of domain configurations in the of
7.6x 7.6um?sample area, where the red and green spots correspond to nucleation sites
at positive and negative applied fields of 400 Oe, respectively, and the black spots
correspond to the coincident nucleation sites. One clearly sees that nucliéadion s
mostly appear stochastically with an inversion of the applied field. Thus, noiowers

symmetry exists with respect to the applied field direction.



The degree of stochastic behavior of the domain configuration is found to be
dependent on the applied magnetic field strength as one noticeEifyen2(a) and 2(c).
To quantitatively examine the stochastic nature of domain nucleation witlttrésppa
applied magnetic field, we have determined the correlation coeffemeang different
domain configurations obtained from the repeated experiments. The correlation
coefficient,r, was obtained from an analysis of domain configurations, represented by

black nucleation sites and background noise, using the following equation:

r = zxiiYii
JE XY

Here, X and Y are the matrices with the same size, where the matnentéeare

represented by 1 or O on the basis of existence or nonexistence of domain nucleation in
each pixel with a size of 10 nm x 10 nm. We consider that domain is nucleated when the
signal is larger than the average of background noise. Thus, background noise without
domain nucleation is not contributed to the correlation coefficient. The caorelati
coefficient is 0, when the domain nucleation configurations are totally different.
Whereas, it becomes 1, when the domain nucleation configurations are completely
identical.In Figs. 3(a) and (b), we plot the correlation coefficient with respect to an
applied magnetic field in the ascending and descending branches of the ratgoedy

loop, respectively. We note that the correlation coefficient in the both icaseases

as the strength of an applied magnetic field increases, in the ascandidgscending
branches of the major hysteresis lodhis is naturally expected, since more nucleated
domains are existed with approaching to the remnant state. A similargr@sd found

in the correlation coefficient of domain configuration with inversion of the appli&tl fie

in the right and left branches of the major hysteresis loop, as shown in Fi§v&(c).

have confirmed that the value of the correlation coefficient and its dependence on an
applied field were similar in the other samples with different composifidresefore,

nearly stochastic process in magnetization reversal is believed to be salrpedavior

in nanogranular thin films.



It is quite surprising that the CoCrPt alloy film, which has numerous pinitesyat
the grain boundaries mainly due to compositional segregation, shows a nearlgtatocha
behavior in domain nucleation. One might have expected a deterministic befavior
domain nucleation in the heavily disorder system for example due to surfabeessg
and/or compositional inhomogeneity [16,17]. Our experimental results strongkgssugg
that the thermal effects rather than the pinning effect dominate the domkaatizunc
process in CoCrPt alloy films. To confirm our conjecture we have carried out
nanomagnetic simulations for the magnetization reversal process of GdiGyRtim
using the OOMMF software [18]. We have used the stochastic Landautt-iGithert
equation for nanomagnetic simulation in the following form [19]:
dm
dt
wherey is a gyromagnetic ratio andis dimensionless damping coefficient parameter

:_|y|mx(q;+m;)_%mx(mx[@+m}),

that measures the magnitude of the relaxation term relative to the gyraimagyme in

the dynamical equation. In this equation the thermal effect is reflegteonsidering a
fluctuating magnetic field)., which is caused by fluctuations of the magnetic moment
orientation due to interaction of the magnetic moment with conducting electrons

phonons, nuclear spins, etc. [20]. The variance of fluctuation in the magnetic field is
a 2Kk T

5 , which is derived from Brown's Fokker-Planck
1+a® MV

given by V, =

equation [21]. In the simulation, thermal fluctuations of the magnetic fielgesrerated

by a random number on each site. A different number corresponds to a different
fluctuation value within the variance of fluctuation in the magnetic field. ahdam

numbers for each site are generated in time step of evefyg#’ sec and the number is
statistically independent from the previous one. In the simulation, we have cedsider

the detailed nanostructure of the sample. For this, the original SEM mh&ypCrPt

alloy film was converted into two level images composed of white gramhblack

grain boundaries. We have performed an image processing with the converted image to

generate the sample image for nanomagnetic simulation. The processedomsges



of grains indexed by different gray levels and grain boundaries. Nanomagnetic
simulation using OOMMF has been carried out with a cell size efi®nnf in a 400

x 400 nnfsample area. As material parameters for the simulation, the measuresi valu
of uniaxial magnetic anisotropy,k 6.8x 1¢° erg/cc, saturated magnetizations™
480emu/cc, and the exchange constant#\1.5x 10° erg/cm of pure Co were used for
the grains, while smaller values ofK2 x 1¢° erg/cc, Ms=160emu/cc, and A,= 2.5x

10° erg/cm were used for the grain boundaries. The smaller valueg, dfi&and Ay at
grain boundaries were chosen than those in the grains considering the fioe that
magnetic anisotropy, saturated magnetization, and exchange interaction, are

proportionally decreased with the amount of Cr segregated at grain boundaries [22].

We have simulated the magnetization reversal patterns with repeatectiystycles
at T=300 K. Four consecutive domain reversal patterns taken at applied magtasic fi
of +700, +500, +350, +200, +100, and 0 Oe in the descending branch of the simulated
hysteresis loop are observed in Fig. 4. One clearly notices that the maijpretiz
reversal patterns obtained from the repeated simulations are mostly latedras seen
in the experimental observations. To quantitatively compare our simulasiaitsrevith
the experimental ones we estimate the correlation coefficient amomgetizagjon
reversal patterns. The correlation coefficient in the simulations is athémge O to
0.40+ 0.03 with varying an applied magnetic field from +700 to 0 Oe, which is well
matched to the experimental values from G:@02 to 0.38-0.03 with changing a
magnetic field from +620 to +5 Oe in the descending branch of hysteresis |bap wit
the experimental error. Separately, we have confirmed that tieagien reversal
patterns at T=0 K are completalgterministic for repeated nanomagnetic simulations,

however there are no experiments at T=0 K so far.

We report here the first direct experimental observation of the nealy sticamature
of magnetization reversal process on a nanometer length scale in higly-dexgietic

recording media of CoCrPt alloy film. Thermal fluctuations in the oate of the



magnetic moments of the grains are found to play a dominant role in the 8tochas

behavior of domain nucleation during magnetization reversal of CoCrPt alloy film.
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Figure Captions

FIG. 1. (a) Typical magnetic domain configuration of {40, 7)s/Pti 3 alloy film
recorded at the Coslabsorption edge (777 eV) with an applied magnetic field of +400
Oe. (b) M vs H hysteresis loop obtained via VSM measurement.

FIG. 2. Magnetic domain configurations of @30ri17)s/Pt 3 alloy film taken (a) at

applied magnetic fields of +620,+512, +383, +254, +124, and +5 Oe in the descending
branch of the major hysteresis loop and (c) at applied magnetic fiet@20§+512,
+383,+254,+124, andt5 Oe in the process of the hysteretic cycle, respectively.
Overlapped domain configuration image in a larger sample area »f7766:m? taken

(b) at an applied magnetic field of +400 Oe and (d) at an applied magnetic #la0f

Oe, respectively.

FIG. 3. The correlation coefficient with respect to an applied magnddarii¢he (a)
ascending and (b) descending branches of the major hysteresis. (c) rekagioar
coefficient among the domain configurations with inversion of an applied field in the
right and left branches of the major hysteresis loop.

FIG. 4. The reversal patterns are taken at applied magnetic fields of -60@0,+850,

+200, +100, and 0 Oe in the descending branch of the simulated hysteresis loop for four
consecutive hysteretic cycles at T=300 K.
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